Ejaculated bovine spermatozoa retain a pool of RNAs that may have a function in early embryogenesis and be used as predictors of male fertility. The bovine spermatozoal transcript profile remains incomplete because previous studies have relied on hybridization-based techniques, which evaluate a limited pool of transcripts and cannot identify full-length transcripts. The goal of this study was to sequence the complete cryopreserved bovine spermatozoal transcript profile using Illumina RNA-Sequencing (RNA-Seq). Spermatozoal RNA was pooled from nine bulls with conception rate scores ranging from À2.9 to 3.5 and confirmed to exclude genomic DNA and somatic cell mRNA. After selective amplification of poly(A) + RNA and high-throughput sequencing, 6166 transcripts were identified via alignment to the bovine genome (UMD 3.1/bosTau6). RNASeq transcript levels (n ¼ 9) were highly correlated with quantitative PCR copy number (r 2 ¼ 0.9747). The bovine spermatozoal transcript profile is a heterogeneous population of degraded and full-length predominantly nuclear-encoded mRNAs. Highly abundant spermatozoal transcripts included PRM1, HMGB4, and mitochondrial-encoded transcripts. Fulllength transcripts comprised 66% of the top 368 transcripts (fragments per kilobase of exon per million fragments mapped [FPKM] . 100) and amplification of the full-length transcript or 5 0 and 3 0 ends was confirmed for selected transcripts. In addition to the identification of transcripts not previously reported in spermatozoa, several known spermatozoal transcripts from various species were also found. Gene ontology analysis of the FPKM . 100 spermatozoal transcripts revealed that translation was the most predominant biological process represented. This is the first report of the spermatozoal transcript profile in any species using high-throughput sequencing, supporting the presence of mRNA in spermatozoa for further functional and fertility studies.
INTRODUCTION
In addition to delivering the paternal genome to the oocyte at fertilization, ejaculated spermatozoa retain a pool of RNAs, containing mRNAs, rRNAs, and short noncoding RNAs [1] [2] [3] [4] . Spermatozoal antisense RNAs can epigenetically regulate early embryonic development and have a structural role in maintaining histone-bound spermatozoa chromosomal regions [3] [4] [5] [6] . Although the complete spermatozoal mRNA profile is not known, spermatozoa contain at least 3000-7000 mRNAs with predominantly short fragments, probably indicative of a predominance of degraded RNA [7] [8] [9] . Individual spermatozoal transcripts that have been identified include mRNAs for ribosomal proteins, mitochondrial proteins, protamines, and proteins involved in signal transduction and cell proliferation [7] [8] [9] [10] [11] [12] . The hypothesized function of the spermatozoal transcripts in transcriptionally silent spermatozoa is currently unknown, although spermatozoa-derived mRNAs, including PRM1, PRM2, PSG-1, CLU, HLA-E, DBY, and PLCZ1, can be detected in embryos postfertilization, suggesting a role for spermatozoal mRNAs in the zygote [13] [14] [15] [16] [17] [18] . However, only translation of PLCZ1 has been demonstrated in embryos, and many of these spermatozoal transcripts are rapidly degraded in the embryo, rendering them nonfunctional [15] [16] [17] [18] . Some spermatozoal transcripts may be translated in the mitochondria during capacitation [19] . Additionally, the diagnostic potential of the total spermatozoal RNA population as a snapshot of spermatogenic gene expression is emerging [20] . For example, perturbation of the ubiquitin-proteosome pathway during spermatogenesis can be detected in spermatozoal RNA [21] . Individual transcripts are stably regulated within and between individual males, making this a promising area for male fertility assay development [22, 23] .
The bovine spermatozoal transcript profile remains incomplete because previous studies have relied on hybridizationbased techniques, which evaluate a limited pool of transcripts and do not provide information about full-length transcripts [7, 9, 10, 24, 25] . In contrast, RNA-Sequencing (RNA-Seq), based on high-throughput sequencing technology, is revolutionizing our understanding of transcriptomics by enabling sequencing of the complete transcript profiles, including full-length mRNAs, and identifying novel splicing junctions and exons [26, 27] . Also unique to this direct sequencing, absolute quantification of a broad range of expression levels across transcripts can be obtained. High-throughput sequencing of the total RNA in human spermatozoa has focused on rRNA and small noncoding RNA populations, but the complete mRNA profile has not been reported [2, 4] .
We hypothesized that the transcript profile of cryopreserved bovine spermatozoa could be directly sequenced using RNASeq. Over 6000 spermatozoal transcripts were sequenced with this approach and a heterogeneous population of degraded and full-length mRNAs was identified. Previously reported sper-matozoal transcripts were confirmed, and a number of transcripts not previously found in spermatozoa of any species were also been identified, including HMGB4, GTSF1, and CKS2. This is the first study to date to utilize RNA-Seq to sequence the spermatozoal mRNA population and report fulllength transcripts for any species.
MATERIALS AND METHODS

Spermatozoa Samples
Cryopreserved spermatozoa was obtained from 21 Holstein bulls from Genex Cooperative Inc. (Shawano, WI). Semen from nine bulls (À2.9 to 3.5 conception rate) was used for RNA-Seq, quantitative PCR (qPCR) validation, and PCR amplification of the 5 0 and 3 0 exons. For analysis of transcript variation among individual bulls, nine different bulls were used. Sperm RNA from three other bulls was pooled and used for PCR amplification of full-length transcripts. Two straws per bull were thawed in a 378C water bath for 1 min and then washed twice in 4 ml PBS (10 min at 600 3 g). The resulting spermatozoa pellet was subsequently used for RNA isolation.
RNA Isolation
Bull testis RNA was isolated with TRIzol (Sigma-Aldrich, St. Louis, MO). Sperm RNA isolation was conducted using the TRIzol method reported by Das et al. [8] with slight modifications. Spermatozoa pellets were added to 1 ml TRIzol supplemented with glycogen (15 lg/ml). Samples were then lysed through a 26-gauge needle 20 times and incubated for 30 min at room temperature. Chloroform was added to the samples followed by a 10-min incubation at room temperature. For phase separation, samples were centrifuged at 12 000 3 g for 15 min at 48C. The top layer (RNA) was removed, added to 500 lL ice-cold isopropanol, and incubated on ice for 10 min, followed by centrifugation at 12 000 3 g for 10 min at 48C to precipitate the RNA. The RNA pellets were washed with 1 ml 75% ethanol and air dried, followed by resuspension in nuclease-free water. RNA samples were treated with DNAse using the RNA Cleanup protocol from the RNeasy Mini Kit (Qiagen, Valencia, CA). RNA concentrations were measured using the NanoDrop UV/Vis Spectrometer (Thermo Scientific, Wilmington, DE) and RNA samples stored at À808C until used for subsequent analysis.
RT-PCR Procedure
For amplification of full-length transcripts, spermatozoal RNA (1 lg) was reverse transcribed using Superscript III Reverse Transcriptase (Invitrogen, Carlsbad, CA) with 2.5 lM oligo(dT) primers, 0.5 mM deoxyribonucleotide triphosphates (dNTPs), 0.253 first strand buffer, 0.005 mM dithiothreitol, 40 U RNaseOut, and 200 U Superscript III. After incubations at 508C for 45 min and 708C for 15 min, 2 U RNase H was added, followed by an additional incubation at 378C for 20 min. For all primer pairs, cDNA was added to a PCR reaction mixture containing 13 reaction buffer, 1.5 mM MgCl 2 , 10 mM dNTPs, 2.5 lmol forward and reverse primers, and 2.5 U Taq polymerase (NEB, Ipswich, MA). To amplify the full-length transcript, forward primers were located in the first exon and reverse primers were located in the last exon (Table 1) . PCR conditions were 948C for 5 min, followed by 35 cycles of 948C for 30 sec, primer-dependent annealing temperature for 30 sec, then 728C for 2 min, and a final extension at 728C for 10 min. Negative controls containing no template cDNA and no enzyme were run in parallel to ensure gene-specific amplification. The PCR products were separated by 2.0% agarose gel electrophoresis, gel purified (Qiagen Gel Extraction kit), and both strands sequenced (URI Genomics Center, Kingston, RI). Amplicon sequence identity was confirmed with NCBI BLAST.
Double-Stranded cDNA Synthesis and Amplification
Because of low RNA yields typical of spermatozoal RNA isolations, the spermatozoal RNA was converted to double-stranded cDNA (ds-cDNA) and amplified for RNA-Seq analysis and qPCR validation (SMARTer Pico PCR cDNA Synthesis Kit; Clontech, Mountain View, CA). Because of the varying amounts of RNA extracted from each bull, the amount of RNA added for amplification was normalized to the sample with the lowest concentration to ensure equal representation of the nine bulls in the pooled sample. The amplification protocol enriches the full-length mRNA population with a modified oligo(dT) primer. Amplification cycles were optimized to 26 cycles following the protocol instructions to insure amplification of the linear phase, maintaining gene representation of the original RNA pool. To verify the quality of ds-cDNA, an aliquot of the sample was run on the Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA). Following ds-cDNA conversion and amplification, 5 lg of spermatozoal ds-cDNA was submitted for Illumina sequencing.
The remaining spermatozoal ds-cDNA was used for qPCR validation postsequencing as well as validating the lack of genomic DNA and somatic cell RNA in the spermatozoal RNA isolation by PCR. A separate pool of ds-cDNA was generated from three additional bulls to amplify the 5 0 and 3 0 ends of selected transcripts. Finally, spermatozoal RNA from individual bulls was individually amplified to assess transcript presence among bulls. All PCR reactions were run with spermatozoal ds-cDNA except for the spermatozoal dscDNA sample that was spiked with genomic DNA (1 lg) isolated from the bull testis tissue (Fig. 1 , lane G; Qiagen DNA Blood and Tissue kit). All PCR reactions were conducted with intron-spanning primers (Table 1) as described above.
RNA-Seq and Analysis
Paired-end 100-bp reads from spermatozoal ds-cDNA were generated using the Illumina HiSeq 2000 (Otogenetics, Norcross, GA). Sequence analysis was conducted with Galaxy [28] [29] [30] . Trimming the adapter AGATCGGAA GAGC removed 14.29% (2 659 330 reads) from file 1 and 1.14% (211 176 reads) from file 2. Adaptor-only reads, short-sequence reads (15 nt minimum) and reads with unknown N bases were discarded during adapter trimming. Concatamers formed from amplification of the SMARTer II A Oligonucleotide (AAGCAGTGGTATCAACGCAGAGTAA) were found in 41.48% of reads (7 702 931 reads) for file 1 and 47.17% (8 760 365 reads) for file 2 and were removed prior to further analysis. Alignment to the reference genome (UMD 3.1/bosTau6) was conducted using Tophat, which uses Bowtie for alignment [31, 32] . A maximum of two mismatches were allowed during alignment. RSeQC was used to generate read and postalignment summary statistics [33] . Levels of individual transcripts are expressed in fragments per kilobase of exon per million fragments mapped (FPKM) and were obtained using Cufflinks [30] . Quantification of full-length transcripts was conducted by manually visualizing the read mapping for individual transcripts to the bovine genome (UMD 3.1/bosTau6) in the UCSC Genome Browser (http://genome.ucsc.edu/). Reads were archived in the NCBI SRA055325 (http://www.ncbi.nlm.nih.gov/sra).
Quantitative PCR
Quantitative PCR was used to validate RNA-Seq expression levels of the cryopreserved spermatozoal ds-cDNA. Nine transcripts were chosen that represented a range of FPKM values (9.41 to 20 667). A standard curve was generated by diluting DNA for each transcript into seven concentrations ranging from 1 3 10 9 to 1 3 10 3 copies/ll. Quantitative PCR was performed with spermatozoal ds-cDNA and standard curves using the Brilliant II SYBR Green QPCR Master Mix Kit (Stratagene, Santa Clara, CA). All qPCR samples included negative template controls and were run in duplicate on the Stratagene Mx3005 instrument at the Genome Sequencing Center at the University of Rhode Island. Amplicon sequence identity was confirmed with NCBI BLAST.
Gene Ontology Analysis
Gene ontology analysis was conducted with the DAVID Bioinformatic Database (http://david.abcc.ncifcrf.gov/) using the three Gene Ontology term categories: biological process (BP), molecular function (MF), and cellular component (CC). Transcripts were analyzed in two different populations: FPKM . 0 and FPKM . 100.
RESULTS
Bovine Spermatozoal RNA Purity
Using the Trizol method, the total amount of RNA isolated from two spermatozoa straws from an individual bull resulted in an average of 31 fg RNA per spermatozoon. Bioanalyzer analysis of the spermatozoa RNA population shows a peak of smaller RNAs and a lack of 18S and 28S ribosomal RNA peaks present in testis RNA (Fig. 1A) . Genomic DNA was also not detected in the isolated bovine spermatozoal RNA compared to a sample spiked with genomic DNA (Fig. 1B) . The spermatozoal RNA was free of leukocytes, testicular germ cells, and epithelial cells, as demonstrated by the lack of C-KIT, CD45, and CDH1 amplification respectively (Fig. 1C) .
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Illumina Sequencing
High-throughput sequencing of the bovine spermatozoal RNA resulted in 18 570 350 3 2 paired-end 100-bp reads. After removal of concatamers, a total of 2 538 688 reads (14.25% of the total population) mapped to the bovine genome, with 79.84% of the aligned reads being uniquely mapped to a single transcript. Reads aligned specifically to coding exons (324 600 reads), BOVINE SPERMATOZOAL TRANSCRIPT PROFILE (64.21%) mapped to 9003 annotated junctions, whereas 56 248 reads (35.79%) mapped to 8282 novel junctions. All junctions were supported by at least two reads. Also, 144 432 intronic reads were found, several of which may represent novel exons.
Cryopreserved Bovine Spermatozoal Transcript Profile
A total of 6166 transcripts were identified in spermatozoal RNA with FPKM . 0. The qPCR expression values showed a high correlation with FPKM values (r 2 ¼ 0.9747; Fig. 2 ). The bovine spermatozoal transcript profile contains predominantly nuclear-encoded mRNAs, including 33 mitochondrial-encoded rRNAs and mRNAs representing 0.5% of the spermatozoal transcript profile. Many of these mitochondrial transcripts were highly abundant, with 32 of 33 in the top 100 transcripts ranked by FPKM. The top 10 transcripts based on FPKM, excluding the mitochondrial RNAs, are listed in Table 2 .
A heterogeneous population of degraded and full-length transcripts was identified. Degraded transcripts (lacking reads mapping to all exons) were more prevalent below FPKM ¼ 100. Because of this observation, all transcripts with FPKM . 100 (368 transcripts) were analyzed individually for reads mapping to each exon to be considered a full-length transcript. In the FPKM . 100 population, 66% of the transcripts had reads aligned to all exons, including amplification of the 5 0 and 3 0 exons, potentially indicating the presence of full-length transcripts in the spermatozoal RNA population (Supplemental Table S1 , available online at www.biolreprod.org). Some of these full-length transcripts also included intronic reads that potentially represent novel exons. Retention of the 5 0 and 3 0 exons for PLCZ1, CRISP2, and GSTM3 was validated, whereas many transcripts with FPKM , 100 did not retain the 5 0 exon, including DDX3Y (Fig. 3A) . The presence of full-length transcripts for GSTM3 and GSTF1 was confirmed by RT-PCR amplification from the first to last exon (Fig. 3B) . A preliminary survey of the bovine spermatozoal transcript profile for previously reported spermatozoal RNA candidates identified several transcripts in bovine, human, porcine, and mouse (Table 3) . These transcripts represented a wide range of FPKM levels, and nine of these transcripts retained the 5 0 and 3 0 ends, potentially indicating that these transcripts are also full-length (Table 3) .
A number of additional full-length bovine spermatozoal transcripts were identified that have not been previously reported in spermatozoal RNA, including HMGB4, PSMA6, GTSF1, and CKS2 (Table 4) .
The presence of select spermatozoal transcripts, CKS2, EEF1G, EIF1, GTSF1, and PRM1, varied among individual bulls (Fig. 4) . Spermatozoa RNA from these bulls was not included in the pool submitted for RNA-Seq.
Gene Ontology (GO) Analysis
For gene ontology analysis, spermatozoal transcripts were analyzed in two different populations: FPKM . 0 (n ¼ 6166) and FPKM . 100 (n ¼ 368). Transcripts were classified into the ontological categories BP, CC, and MF; the top 10 categories for each are shown in Table 5 . In the total spermatozoal transcript population (FPKM . 0), 367 BP, 142 CC, and 161 MF categories were found. It is important to note that an individual transcript can be represented in multiple categories. The top BP categories included translation (GO: 0006412; 264 transcripts) and proteolysis (GO: 0051603; 241 transcripts). Because a majority of full-length transcripts were found in the FPKM . 100 population, we also analyzed this population separately. Translation remained the most predominant BP represented within this population (55 transcripts). Within the translation category, 38 of the 55 transcripts encoded for ribosomal proteins, and the remaining transcripts included eukaryotic translation initiation factors (EIF1 and EIF5), eukaryotic translation elongation factors (EEF1A1 and EEF1c), polyubiquitin, and unknown transcripts. Twenty-four of these ribosomal transcripts were full length (all exons mapped), as well as EEF1A1, EEF1c, and polyubiquitin.
DISCUSSION
Here, we report the first cryopreserved bovine spermatozoal transcript profile using RNA-Seq, which includes degraded and full-length nuclear-encoded transcripts and mitochondrialencoded RNA. The dynamic range of RNA-Seq allows for accurate identification and quantification of transcripts present at very low and high levels as well as the discovery of more transcripts, novel splicing junctions, and novel exons than CARD ET AL.
reported in previous microarray studies [7, 9, 10] . In addition to the identification of transcripts not previously reported in spermatozoal RNA, several known spermatozoal transcripts from a number of different species were also found. Gene ontology analysis of the highly abundant spermatozoal transcripts (FPKM . 100) revealed that translation was the most predominant biological process represented. The presence of full-length transcripts in transcriptionally silent spermatozoa suggests that these transcripts could be translated after spermatogenesis is complete, potentially contributing to capacitation and early embryogenesis [1, 3] .
Spermatozoal RNA isolation procedures have been developed to maximize yield and ensure elimination of somatic cell RNA. The total amount of cryopreserved bovine spermatozoal RNA isolated in this study (31 fg RNA per spermatozoon) was comparable to the RNA content previously reported in bovine (10-140 fg), human (12.5 fg), rat (100 fg), porcine (5 fg), and equine (20 fg) spermatozoa [reviewed in 1; 8] .
In this study, RNA was isolated from the whole cryopreserved semen straw, after a wash to remove the cryoprotectant, without the removal of nonmotile spermatozoa. Using the entire spermatozoa population is representative of the natural transcript variation present across a range of fertility scores for   FIG. 3. A) PCR amplification of the 5 0 and 3 0 ends of DDX3Y, PLCZ1, CRISP2 and GSTM3 in amplified cDNA. For 5 0 end primers, all forward primers begin in the first exon, and for 3 0 end primers, all reverse primers end in the last exon. All primer sets are intron spanning. N, negative control that did not include cDNA template; M, 100-bp DNA marker. B) Transcripts for GSTM3 and GTSF1 were RT-PCR amplified using forward primers within the first exons and paired with reverse primers in the last exons in order to capture full-length transcripts. BOVINE SPERMATOZOAL TRANSCRIPT PROFILE bulls used in artificial insemination and is consistent with the approach used in other studies [12, 21, 24, 34] . The focus of this study was to enrich for and sequence the poly(A) þ transcripts present in transcriptionally silent spermatozoa. The mitochondrial-encoded rRNAs and mRNAs sequenced in this population were some of the most abundant transcripts, although these mitochondrial RNAs represented only 0.5% of the total transcripts. Mitochondrial rRNAs and mRNAs have been previously amplified in spermatozoa [10, 19] and the presence of these transcripts is likely due to intact mitochondria present during the RNA isolation procedure and the high mitochondrial activity of spermatozoa. Poly(A) À transcripts and microRNAs were not evaluated in this study but were probably present in the total bovine sperm RNA population [4] .
Using RNA-Seq, we identified several full-length transcripts in the bovine cryopreserved spermatozoal transcript profile. Although some of these transcripts were previously reported in spermatozoa, the presence of full-length transcripts could not be determined from previous microarray studies. The most abundant full-length transcript, PRM1, has been reported in spermatozoa from other species as well, including humans and porcine [7, 13, 20, 35] . The high level of PRM1 is probably due to retention of this transcript in elongating spermatids during the later stages of spermatogenesis. A function for PRM1 after spermatozoa leave the testis is doubtful, as Prm1 transcripts are rapidly degraded in the mouse embryo [15, 16] . Other transcripts that are delivered to the oocyte after fertilization, including the Y chromosome-linked DBY and RPS4Y, were not identified as full-length transcripts in this study; therefore, a functional role in embryogenesis for these transcripts is also unlikely [17] .
Polyubiquitin is also an abundant full-length transcript in bovine spermatozoa. The ubiquitin system has several functions during spermiogenesis and fertilization, including histone removal, removal of damaged epididymal spermatozoa, and aiding in zona penetration [36, 37] . Disruption of the ubiquitin-proteosome pathway during spermatogenesis is characteristic of teratozoospermic males and can be detected in human sperm RNA [22] . Spermatozoa-derived ubiquitin RNAs may also have a role in directing the degradation of paternal mitochondrial RNAs, ensuring exclusive maternal mitochondrial DNA inheritance [36] . Further investigation of a role for spermatozoal-derived polyubiquitin mRNA prefertilization and postfertilization is warranted.
Previously reported spermatozoal transcripts involved in capacitation and fertilization were also identified as full length, including PLCZ1, CRISP2, and CLGN1. PLCZ1, a wellcharacterized activator of the calcium wave after fertilization, is translated in the oocyte, and injections of PLCZ1 RNA into the oocyte are also sufficient for function [18] . PLCZ1 is present at lower amounts (FPKM ¼ 41.3) in the bovine spermatozoa transcript profile, demonstrating that functional transcripts may not be the most abundant transcripts in this population. The presence of full-length CRISP2 could be indicative of potential translation at fertilization, as CRISP2 is one of the spermatozoal proteins involved in oocyte binding [38] . The CLGN1 protein is necessary for heterodimerization of fertilization proteins [39, 40] . The presence of spermatozoal mRNA for critical fertilization proteins may be necessary to ensure appropriate function.
A number of previously unreported spermatozoal transcripts are full length and abundant in the bovine spermatozoal transcript profile, including HMGB4, PSMA6, GTSF1, and CKS2, although a role of transcripts from spermatozoal-derived mRNAs is speculative. HMGB4 is found at the basal pole of elongating spermatids and is a transcriptional repressor [41] . PSMA6 is an alpha subunit of proteasomes; inhibition of spermatozoal proteosomes blocks fertilization by preventing spermatozoa penetration of the zona pellucida [42] . GTSF1 is CARD ET AL.
critical for the suppression of retrotransposons in the male germ cells, as well as causing meiotic arrest in knockout mice [43] . CKS2 is critical in early embryonic development, where it controls cell proliferation [44] . In knockout studies of CKS2 and CKS1, embryos arrest development before the morula stage because of cyclin B1 downregulation [44] . A predominant function of the bovine spermatozoal transcripts with FPKM . 100 is translation and includes abundant transcripts for ribosomal proteins, polyubiquitin (discussed above), eukaryotic translation initiation factors (EIF1 and EIF5), and eukaryotic translation elongation factors (EEF1A1 and EEF1c). EIF1A1 is present in human spermatozoa [24] , but EIF1, EEF1c, and EIF5 have not been previously reported in any species. The translation elongation factors EEF1A1 and EEF1c were full length in this study; therefore, a role for these transcripts in the early-stage embryo is an interesting area for further investigation.
One-third of the transcripts with FPKM . 100 were degraded (all exons were not mapped). A predominance of degraded transcripts was also found in the FPKM , 100 transcript population, although this was not quantified. A degraded RNA population is characteristic of the spermatozoal RNA populations isolated in previous studies [7, 8] and a large subset of the spermatozoal mRNAs are probably remnants from gene expression during spermatogenesis and do not have a function. The relatively higher levels of most of the fulllength transcripts are probably not due to a 3 0 -end bias, which can occur with RNA-Seq, because of the RNA amplification protocol that selectively amplified full-length transcripts [45] . Although full-length transcripts were identified, the proportion of degraded and full-length transcripts for an individual transcript could not be distinguished, and the FPKM values probably represent a sum of the full-length and fragmented exons for each transcript, making the levels of intact transcripts probably lower than these reported values. The presence of degraded mRNAs and the presence of full-length mRNAs are not necessarily mutually exclusive events, and functional transcripts could be present in a heterogeneous population.
The goal of this present study was to identify a full-range of poly(A) þ mRNAs present in bovine spermatozoa to identify candidates for further investigation. Spermatozoal RNA from individual bulls with a wide range of fertility scores was pooled for RNA-Seq and subsequent validation, and biological replicates were not conducted. The presence of select spermatozoal transcripts, CKS2, EEF1G, EIF1, GTSF1, and PRM1, varied among spermatozoal RNA isolated from a separate population of bulls, demonstrating that the spermatozoal transcript profile is probably different for each individual. Additionally, the pool of mRNA from this spermatozoa population contains several previously reported transcripts; therefore, the likelihood that the identified transcripts are only present in this population of bulls is low, but additional transcripts may be identified in other individuals.
The diagnostic potential of the total spermatozoal RNA population (degraded and full-length transcripts) is emerging. Individual transcripts are stably regulated within and between individual males, and perturbation of the ubiquitin-proteosome pathway during spermatogenesis could be detected in the spermatozoal RNA [22, 23] . The amounts of specific transcripts, including PRM1, PRM2, CRISP2, CCT8, PEBP1, and CD36, have also been correlated to fertility in humans and bulls [10-12, 20, 46] . These transcripts are full length in this BOVINE SPERMATOZOAL TRANSCRIPT PROFILE bovine spermatozoal transcript profile, so prediction of fertility for some of these transcripts may be due to a functional role (for example CRISP2) and not just a representation of transcription during spermatogenesis (for example, PRM1 and PRM2). If the degraded mRNA population is stably regulated, this population can also be used as a diagnostic tool. Spermatozoal transcript populations also vary with motility, morphology, DNA integrity, and seasons [47] [48] [49] [50] [51] . The spermatozoal transcript profile reported here was sequenced from a pool of bulls that represent a normal range of fertility scores. Although selected transcripts demonstrated individual variance among bulls, further quantitative analysis in a much larger population will better assess the level of individual bull variation and a correlation of transcript levels with fertility scores. This is the first report of the spermatozoal transcript profile in any species using high-throughput sequencing, supporting the presence of mRNA in spermatozoa. Further studies of the spermatozoal mRNA candidates identified will contribute to our knowledge of the function of spermatozoal mRNA and expand our approaches to assay male fertility.
